ABSTRACT
INTRODUCTION
Recognition memory is our general ability to discriminate previously encountered stimuli from those that are novel. It is a part of or a subcomponent of the declarative memory system, that allows retrieval and remembering of past events and experiences. So, recognition memory refers to and involves the processes that allow us to make old/new decisions about stimuli presented to us, but can also refer to the engagement and activation of mnemonic information surrounding the partial cues. We can recognize a person as someone we have seen before but also remember the setting in which we met them before, their name, and other surrounding details.
Theoretical debate about the nature of recognition memory has largely centered about the debate between single and dual-process models. Dual-process models suppose that recognition memory can be decomposed into two distinct processes that reflect separate mnemonic mechanisms, known as familiarity and recollection (Jacoby, 1991; Mandler, 1980) . Mandler describes this in his classic butcher on the bus example, which I will use to highlight the two processes. When you encounter a person you've previously met, such as on the bus, you can remember encountering them before in two qualitatively different ways. You may know you've seen the face of the person before, but be unable to remember the person's name or other details, a thus have a sense of familiarity with having encountered the person before. The hypothesis is that these feeling of familiarity arise from a mnemonic process of familiarity. This is conceptualized as the process by which an individual item may be recognized acontextually, in the absence of the retrieval of information about the item, such as the source in which the item was originally encountered or other associated episodic information. On the other hand, recollection is the mnemonic process that allows us to retrieve the specific contextual details about the encoding episode surrounding the item. It is what enables to remember that it is specifically our butcher that we see on the bus and recall the previous episodic memories of encountering them before. It is clear that both of these processes, familiarity and recollection, can contribute to overall recognition memory and allow us to make an decision if we've seen an item before.
In opposition to dual-process theories of recognition are single-process or strength theories. These models of recognition suppose that the distinction between familiarity and recollection are not qualitative, but are instead due to differing degrees of memory strength along a single continuum. Familiarity and recollection arise from quantitative differences in the strength of the mnemonic representation rather than reflecting two fundamentally different types of memory processes (Donaldson, 1996; Dunn, 2004 ; for review see : Wixted, 2007a; Wixted, 2007b ; but see also Parks and Yonelinas, 2007) . This perspective asserts that familiarity and recollection are not distinct or separate mnemonic processes, but are merely the experiences that arise from the underlying strength of a single recognition memory signal. When we see our be-remembered item cue and the stored memory representation of that item. For recognition decisions, each item associated with memory strength above a decision threshold is classified as "old" or previously encountered, and those that fall below are classified as "new" or novel.
Single-process models of recognition assume that there is a unitary or singular memory strength signal and that recognition can be entirely explained by such a model. Most dual-process models assert that the hypothesized process of familiarity, but not recollection, can be adequately described by a SDT model (Yonelinas, 2002; Wixted 2007a) . When an item is recognized using only the familiarity process, the match between the percept of the item and the mnemonic representation yields a memory strength signal that the subsequent recognition decision is based upon. However, according to dual-process models recollection is a separate process that can also contribute to the recognition decision. The correct conceptualization of recollection is a matter of debate (Yonelinas, 2002; Wixted 2007a ).
One of the most common instantiations of dual-process models is the Yonelinas high threshold SDT model (Yonelinas, 1994; Yonelinas, 2002) . According to this model, recollection is conceptualized as a threshold process, wherein recollection of source or contextual information either occurs or does not, with some probability. The recollection process does not yield a continuous memory signal, but instead a discrete success or failure of the memory process. Familiarity, in contrast, yields a continuous memory signal with the strength or intensity of that signal varying continuously. One type of behavioral evidence is found by plotting the receiver-operating-characteristic (ROC) curves of recognition. Confidence is queried during recognition decisions, and hits are plotted against false alarms as a function of confidence. This allows for the decomposition of the curves into the estimated contributions of recollection and familiarity (R and d' respectively) . It has been shown using this method they are indeed independent and appear to result from distinct processes (Yonelinas, 1994) , although this is a matter of considerable debate (Wixted, 2007a; Wixted 2007b, Slotnick and Dodson, 2005; Arndt & Reder, 2002) .
One assumption of the threshold version of dual-process theory is that items that are recollected are associated with only the highest confidence levels of an old/new recognition decision. When recollection has occurred, overall recognition accuracy is much greater than when it does not (Yonelinas, 2002) . This particular interpretation of dual-process theory is the dominant view in cognitive neuroscience studies of recognition, both fMRI and ERP. As discussed later, the framework in which neural data is interpreted has potential impact on the conclusions that can be drawn from it. There is current debate about the assumptions and validity of the dual-process threshold model (Wixted, 2007a) An alternative interpretation of dual-process theory assumes that both familiarity and recollection are both continuous processes, each associated with varying degrees of strength that are summed together prior to a recognition decision. Thus overall old/new recognition follows the SDT framework as well as the individual processes that underlie it, such as recollection and familiarity. The memory strengths resulting from familiarity and recollection processes are aggregated into an overall signal, this overall memory strength signal used to make recognition decisions and assign confidence ratings and is the combination of both a continuous familiarity and a continuous recollection processes (Wixted and Stretch, 2004) . This is in contrast to the threshold model that assumes recollection is not a process that has continuously distributed memory strength. According to continuous models of recollection, it is not only associated with high confidence recognition decisions, but may contribute to all recognition at all levels. Partial, or weak recollection memory may contribute to overall recognition decisions at lower confidence levels as well (Slotnick and Dodson, 2005) . Additionally, high confidence old/new decisions may be associated with varying degrees of recollective strength, though this last assumption is also compatible with the Yonelinas dual process model (Parks & Yonelinas, 2007) .
A common paradigm used to explore these processes is the "remember-know" (R/K) procedure. During a recognition decision, the participant is asked to assess whether their "old" decision is based on either familiarity (know) or recollection (remember). The idea is that these responses are based on the subjective experiences of familiarity and recollection which arise from their respective mnemonic processes. The R/K procedure provides data that fits well with the threshold dual-process model (Yonelinas, 1994) with K responses reflecting an ROC curve expected by a SDT model and R response being more linear, reflecting a threshold process.
However R/K data has also been shown to be easily reconciled using a single-process SDT framework (Donaldson, 1996; Dunn, 2004; Wixted and Stretch 2004) .
How can both dual and single-process models appear to be compatible with the data from behavioral recognition experiments? The dual-process threshold model assumes that the memory strength distributions of novel and studied items, that form the basis for the SDT model of familiarity, are both Gaussian distributions with equal variance (Yonelinas, 1994) . However, this assumption of equal variance may not be warranted. When a novel item is studied, it gains memory strength. In order for the variance of the distribution of studied items to equal that of lures, each item would have to gain the same amount of memory strength when studied. It is equally, if not more, plausible that items gain a variable amount of memory strength and create a distribution that has more variance than the original. Wixted and Stretch (2004) outline a recognition model in which the variance of the distributions of lures and old items are not equal, the unequal-variance signal detection framework (UVSD). All recognition decisions are based upon this distribution, thus it is compatible with either a single or dual (or more) process account, since it alone does not specify exactly what processes yield the resulting memory strength. In fact most estimations of the variance of the two distributions from ROC curves find that the standard deviation of the lure distribution is 0.8 times the standard deviation of the studied distribution (Wixted, 2007a) . Mickes, Wixted and Wais (2007) performed a direct test of the variance of the two distributions by having subjects make confidence judgments to new and old items on a 20-pont scale (and also 100 in experiment 2). The found the ratio of the standard deviation of lure to targets to be 0.83 (0.77 in experiment 2). Thus the equal variance assumption of the dual-process signal detection model of recognition appears false.
These assumptions have important implications for the relationship between old-new recognition confidence and source accuracy. Recall of the source of an item, in the models in which recollection is a continuous process, predict that accurate source retrieval should contribute to recognition memory decisions at all levels of confidence (Slotnick and Dodson, 2005; Wixted, 2007a) . Dual-process threshold models predict that source accuracy should be at chance for all but the highest level of recognition confidence. One implication of a threshold model is that recognition decisions are based on either a familiarity process, when confidence is low, or a recollection process when confidence is highest. Thus correct source trials are thought to only be associated with the highest level of confidence in an old/new decision.
With behavioral measures alone providing evidence compatible with multiple models, one of the primary sources of data favoring a dual-process model comes from measures of neural activity, such as functional magnetic resonance imaging and event-related potentials. However, the assumptions that go into the behavioral measures of different types of recognition memory in these experiments, such as familiarity and recollection or item and source, have important implications for the attempts to demonstrate dissociable brain mechanisms. They are often interpreted in the framework of a particular model, which casts doubt on the conclusions (Wixted, 2007a) . Thus many of the conclusions of cognitive neuroscience studies of recognition, that are used as strong evidence in favor of dual-process theory, need closer inspection and are open to potential reinterpretation.
ERP Evidence
Event-related potentials (ERPs) have been used extensively to adjudicate between single and dual process accounts of recognition memory. On the whole, results from this research seems to support dual-process models by showing that recollection and familiarity tend to be associated with distinct components of the ERP with different timing and scalp distributions (Curran, 2000; Mecklinger, 2006; Rugg and Curran, 2007 ). More specifically, task manipulations that are thought to affect memory for individual items based on familiarity modulate the FN400, a mid-frontally distributed component that peaks from 300-500ms after stimulus onset, with less familiar items having a more negative peak. In contrast, manipulations of recollection affect a separate component often termed the parietal old/new effect or late positive complex (LPC) that is localized over parietal regions of the head, peaks from 400-800ms, and is more positive to recollected items than old items for which recollection did not occur (Düzel et al., 1997; Rugg et al., 1998; Curran, 2000; Rugg and Curran, 2007) . I will review 2 common paradigms use to investigate the ERP correlates of recognition and their conclusions, the R/K procedure and Source memory experiments.
The basic aim of ERP studies of recognition memory is to identify independent components for familiarity and recollection. A demonstration of two different components, one that tracks familiarity and a separate component related to recollection, would provide evidence in favor of dual-process theories. Remember/Know ERP studies have straightforward interpretation and the conclusions and logic of those studies can be applied to a variety of other studies and experimental paradigms, so I will begin with an outline of those studies.
When a correct R is given, it is assumed that recollection has occurred. And the amplitude of the LPC reflects this. The amplitude of the LPC is higher for correct remember trials than forgotten items and, critically, correct know trials. (Duzel et al., 1997; . In other words, recollection and increased LPC amplitude, is associated with R responses, but not K. The conclusion is that the amplitude of the LPC reflects successful recollection of the test item.
Know responses are associated with FN400 amplitude (Curran and Rugg, 2007) . When a K response is given the amplitude of the FN400 is higher than for correct rejections. Critically, the amplitude of the FN400 does not differ between K and R responses. The assumption is that the familiarity process has occurred in both cases, but R responses have an additionally successful recollection process. When only familiarity occurs in the absence of recollection, and a K response given, an FN400 is visible. However when an R response is given, familiarity is assumed to have also occurred, so an FN400 is also generated.
One large assumption of the R/K procedure is the degree of process purity reflected by each type of response (Wixted, 2007a) . The question is: do remember judgments reflect only recollection anf d know responses only reflect familiarity. A threshold model predicts that the recollection process does not contribute to K response and that they are solely based on familiarity. When the recollective threshold has been reached, an R response is given. As discussed previously, other models have shown that recollection may be contributing to K responses as well as familiarity strength contributing to R (Slotnick and Dodson, 2005; Wixted, 2007a) , so the apparent connection between the FN400/LPC and K/R responses (familiarity/recollection) cannot be entirely certain.
Another paradigm used to show dissociations in ERP components of recollection are source memory experiments. To-be remembered items are encountered in a particular context during the initial encoding. This context could be a background color, a voice saying a word, the encoding task being performed on the item, or anything that could be potentially recalled later.
During a recognition test, an old/new decision is given to the individual items and the source of the item is also queried. Thus two decisions are made, an item recognition decision and a source memory decision. The proposed familiarity process would be satisfactory to make an old/new decision to the item. However, according to dual-process theories, recollection would be required to correctly identify the source associated with the item. Wilding and Rugg (1996) presented to be remembered words to participants auditorily, in either a male or female voice.
The participants were then presented the words visually at test and asked if it was and old or new word. Additionally, they were asked if the word was initially studied in a male or female voice.
What they found was that the FN400 amplitude, associated with familiarity, was the same for correctly identified old words, regardless of the subsequent source decision. The conclusion was that the familiarity process occurred in both situations leading to a correct old/new decision. In contrast, the amplitude of the LPC differed between correctly identified items depending upon whether the correct source decision, male or female voice, was given. Recollection would be needed to remember the contextual details surrounding an item, so when recollection occurs, and the correct encoding voice is given, the amplitude of the LPC is increased. When an item is correctly identified as being studied without a rememberance of the original encoding source, the LPC amplitude did not differ from correct rejections. Such a binary task, single source remembered or not, is very compatible with a threshold interpretation of dual-process theory and the ERP results appear to support that view.
Despite the apparent links between these two ERP components (FN400 and LPC) and the two memory processes (familiarity and recollection respectively), the validity of the link between the ERP correlates of recollection and familiarity and the specific decision processes associated with them in single vs. dual process models has been challenged in two important ways. First, it has been challenged on the grounds that the FN400 component may not reflect familiarity, but rather conceptual priming, and that measures should be taken to control for conceptual priming when investigating ERP correlates of familiarity . A second challenge, which is the focus of the current study, has been that the behavioral measures used to identify neural correlates of recollection and familiarity may not be process-pure, such that neural measures will ultimately reflect some combination of the two processes, or different aspects of a single underlying process. For example, most models of recognition memory agree that item recognition based upon familiarity occurs in a continuous manner in accordance with SDT. Thus an important prediction is that the neural correlates of familiarity, such as the FN400, are expected to be graded as a function of changes in the strength of the familiarity signal to test items (Curran, 2004; Azimian-Faridani et al, 2006 ; see also Gonsalves et al 2005) .
A recent study by Woodruff and colleagues (2006) sought to show that the amplitude of the FN400 was indeed modulated in a graded fashion with item confidence judgments made by participants (an index of item memory strength). They used a modified R/K procedure to do this.
During the recognition test, participants were asked to respond on a confidence scale from 1-4 if they did not experience "recollection" of the item or "R" if they did. What they found was that the FN400 amplitude was indeed graded according to the 1-4 confidence decisions. This is consistent with the prediction of familiarity being a continuous process, modeled by a SDT process and indexed by the FN400. Additionally, they found the LPC amplitude was not modulated by item confidence (1-4) in the same manner as the FN400, but was instead modulated by whether a "Remember" response was given. Thus the LPC was higher in amplitude when "recollection" occurred that when a high confidence item response was given and was not graded to response 1-4. This was all taken as evidence that the FN400 reflects a continuous familiarity-based recognition, based on item memory strength, and the LPC reflects recollection and is not graded with confidence.
However, that study again assumed a threshold dual-process model of recognition in which recollection would only be associated with the highest levels of confidence, those given a "Remember" response, and confidence ratings for recollection decisions were not queried, though it is generally clear that the results are inconsistent with a unidimensional single-process model. Recent behavioral studies, however, have shown that recollection is not strictly associated with the highest item confidence ratings, but lower confidence ratings as well (Mickes et al., 2009 ), and that above-chance source memory performance is associated with both "remember" and "know" responses (Hicks, et al., 2002) , suggesting that recollection may instead be a continuous process, like familiarity, a notion that is broadly consistent with the source monitoring framework (Dodson et al., 1998; Johnson et al., 1993) . Slotnick and Dodson (2005) showed that by modeling source decisions as a strength continuum in multidimensional decision space, they could account for the behavioral evidence originally generated in support of the dualprocess threshold model. If recollection is indeed a continuous process, variations in recollection strength and differences in recollective confidence may also be reflected by a graded ERP response. Observations of graded levels of activity in the brain as a function of recognition confidence are often assumed to be markers of item memory strength on the assumption that familiarity is graded but recollection is not. Again, the model of recognition used to interpret the ERP correlates of recognition, influences the conclusions drawn from it. If the LPC indeed reflects a recollection process, a dual-process interpretation is that the LPC component is either present or absent. However, it follows from continuous models that the amplitude of the LPC would vary with the strength of the recollection. Indeed, other ERP studies of source memory have also shown the amplitude of the LPC is sensitive to the amount of information or number of sources recalled (Vilberg, et al., 2006; Wilding, 2000) . Typically, however, these studies still examine recollection in a way that is more consistent with threshold models, namely whether source information is present or absent (which includes whether or not multiple sources have been remembered). Levels of confidence along a single dimension of source evidence were not measured. The possibility that confidence in the retrieval of an individual source, and therefore the amplitude of the LPC, may vary has generally not been explored in ERP studies of source memory. One possible exception is a recent study by Leynes & Phillips (2008) , rhat showed that the LPC was larger for R than K responses made following accurate source judgments. These responses may serve as a proxy for confidence in the source decision, though the subjects in that experiment were not specifically instructed to respond based on their confidence in their source decision.
However, such effects may be contaminated by graded source memory, such that the observed neural effects reflect a combination of recollection and familiarity. Similarly, correlates of source memory, typically measured as source hits versus source misses, may be confounded by differences in item memory strength between these two conditions, such that source hits may be associated with higher overall item strength than source misses. Since the LPC has been shown to index to presence or absence of recollection, we hypothesize that it may be modulated by changes in the strength of source memory if confidence ratings are collected for source decisions.
The purpose of the current study is not to decide between different types of models of recognition, but instead to address some of the potential misinterpretation of ERP previous studies of recognition memory. The goal was to design a study that directly examines the ERP correlates of both item and source memory strength using a model-neutral analysis approach.
We sought to obtain ERP correlates of memory strength on one dimension, item or source, while holding strength on the other relatively constant, to avoid some of the issues discussed above by using logic previously applied in an fMRI study (Kirwan, et al., 2008) . We conducted a source memory experiment with novel visual objects in which participants encoded the objects in one of two encoding contexts, conceptual or perceptual. Novel visual objects were used to minimize potential contributions of conceptual priming. We queried participant's memory confidence during both the old/new and source decisions. This design allows us to measure the neural response to item or source strength independently, while accounting for possible contributions of the other. We first sought to replicate the findings of Woodruff et al. (2006) that showed a modulation of the FN400 amplitude to variations in item confidence, but doing so while accounting for possible contributions of source memory to old/new confidence ratings. We sought to isolate the changes in confidence based on item memory by looking for variations in confidence in an old/new recognition decision only on trials when recollection did not occur, as measured by the fact that source was not accurately retrieved (Source Miss). We also queried confidence in source decisions to index source memory strength. This enabled us to examine the ERP correlates of changes in source memory strength while keeping item confidence at a set level, by only considering trials on which subjects gave a high confidence item response. Highconfidence item responses were chosen because accurate source memory tends to be associated with higher confidence item decisions, such that there would be too few low-confidence item decisions followed by accurate source memory to generate usable ERP averages. Finally, we used novel visual stimuli that should be minimal in their conceptual content in an attempt to mitigate some of the potential influences of conceptual priming on ERP measures of item memory.
EXPERIMENTAL PROCEDURE

Participants
Twenty-one subjects (15 F; ages 18-25 years old) were included in this experiment. An additional 23 subjects were excluded from analysis due to having low numbers of trials for ERP analysis (<15) in some response conditions. It should be noted that participants could be excluded in this way either in cases where their memory performance was poor, or when their performance was exceptionally good, such that there were not enough trials to look at, for = .64, p=.53] indicating that the included sample was generally representative of the group as a whole. All participants were right-handed by self-report, had no history of psychiatric or neuropsychological disorders, and were not currently taking any psychotropic medications.
Procedure
The participants performed a recognition memory experiment using novel visual objects (Warren, D. & Cohen, N.J., in preparation). The objects were created using Bryce software and were varied in shape, color, pattern, and texture. The images extended 6.5 degrees of visual angle from top to bottom and left to right. The task was split into 11 encoding/test blocks. All stimuli were counterbalanced across condition and block. During each encoding block, participants were shown 26 objects for 3 seconds each. The first and last objects from each encoding list were not tested to mitigate the effects of primacy and recency. For each object a subjective meaningfulness or complexity judgment was made on a 4-point scale. Prior to each object, participants were cued for 2 seconds with the word "meaning" or "complex" indicating which judgment should be made for the following object. Each cue and object was followed by 1 second of central fixation (white cross on a black background). For the meaningful task, subjects were instructed to rate how much the object looked like something meaningful, like looking at clouds or an ink-blot test. For the complex task, subjects were simply instructed to rate the more varied objects as more complex.
During the subsequent recognition test, participants were presented with 40 objects (24 objects from the encoding phase and 16 novel objects) for two seconds each followed by a response cue. Participants then made an old/new judgment crossed with confidence level (sure old, think old, think new, or sure new). If the object was indicated as "old", they made an additional source decision, deciding which task, complexity or meaningfulness, they had performed on the object at encoding, again crossed with confidence on a 5-point scale (sure meaning, think meaning, unsure, think complex, or sure complex). The option of indicating "unsure" for the source decision was given to mitigate the effects of guessing on low-confidence responses. Both the old/new and source decisions were self-paced and trials were separated by 1 second of fixation. Objects given a "new", response were followed by 1 additional second of fixation, to equate the length of new and old response trials, based on response times from pilot data. An example trial is shown in Fig. 1. EEG recording, data processing, and ERP analysis
The electroencephalogram was recorded with the ActiveTwo active electrode system from Bio-Semi (www.Biosemi.com). Sixty-four Ag/AgCl electrodes were positioned in a nylon cap according to an extension of the international 10-20 system (Chatrian, et al., 1988) . Five additional electrodes were positioned on the mastoids, to the outside of each eye, and under the left eye. The EEG and electroocculogram (EOG) were continuously recorded using a referencefree procedure, amplified between 0.16 and 100Hz, and sampled at a rate of 512Hz. Offline, the data were re-referenced to an average of the left and right mastoid recordings and low-pass filtered at 50Hz. Epochs were created by taking 200ms prior to the onset of the object stimuli to 1500ms after, and baseline corrected to the 200ms pre-stimulus interval. Epochs containing extreme artifacts (changes of more than 1000mv from baseline) were discarded. Next, EOG artifacts were removed using an automated correction procedure (Gratton, et al., 1983) , and epochs that continued to show more than a 200mv change from baseline after the correction were discarded. ERPs were generated by selectively averaging the epochs time-locked to the onset of the object stimuli together for each condition of interest. All conditions analyzed were required to have a minimum of 15 artifact free trials; subjects who had less than 15 trials in any condition of interest were excluded from all analyses. The resulting trial counts in the Unrestricted LC Item (31, 15-52). As can be seen from these numbers, the mean trial counts were at least 30 in all conditions of interest. Figure   Figure 1 . A schematic of the experimental paradigm. 1) During the study phase, the word "meaning" or "complex" was shown prior to the object to indicate the encoding task to be performed on that object. 2) At test, item confidence was assessed with a delayed response on a 4-point confidence scale. 3a) If the item was judged "new", a fixation cross was shown until the next trial. 3b) If the item was judged "old", source confidence was assessed on a 5-point confidence scale. 
Chapter 2
RESULTS
Behavioral Results
Behavioral data from the test phase are shown in Tables 1 and 2 . The levels of chance were defined as the probability of making a correct response if one were selecting randomly. For item memory, this was 50% (2 out of 4); for source memory it was 40% (2 out of 5), due to the availability of a 5 th response option ("unsure"). . In summary, high confidence was associated with greater accuracy than low for both item and source judgments, and the accuracy of low confident item and source decisions was greater than chance. However, when subjects made a low confidence item decision, their subsequent source accuracy was at chance.
ERP Results
All ERP analyses for this study were conducted on ERPs time-locked to the presentation of the to-be-remembered object, under the assumption that relevant item and source memory processes should be occurring at this time, despite the fact that responses were delayed. Initial 
Item Confidence Effects
Early Time Window (300-500ms)
The first analysis examined ERP correlates of item confidence, regardless of subsequent source performance. The four conditions of interest were low confidence (LC) and high confidence (HC) hits and LC and HC correct rejections (Fig. 3) 
Source Accuracy Effects
This analysis compared ERPs to item hits with correct versus incorrect source decisions regardless of item or source confidence (Fig. 4) Mean amplitudes from each time window were submitted to an ANOVA with Condition (Source Hit, Source Miss), Hemisphere, and AP axis as factors.
Early Time Window (300-500ms)
There was no significant difference between conditions in the mean amplitude of the ERP The second set of analyses sought to build on these results by assessing the independent contributions of item and source memory strength to the ERP effects, since, as discussed above, both may be contributing to the two effects that we observed in the initial, more traditional analyses. To assess the unique contributions of each type of memory, we held one type of memory at a set level and looked the differences between high and low confidence in the other.
Thus there are two comparisons: item confidence effects including only hits that were followed by a Source Miss (Fig. 5) ; and HC versus LC Source Hits that were preceded by a HC Item hit (Fig. 6) . The Item Confidence analysis was run similar to the initial analyses described above, with Condition (HC Hit, LC Hit, LC CR, HC CR), Hemisphere (L,R), and AP axis as factors.
However, visual inspection of the waveforms for the source confidence comparisons revealed that the effects were maximally distributed over central scalp regions, so a single central electrode cluster was chosen over the left (C1,C3,CP1,CP3) and right (C2,C4,CP2,CP4)
hemispheres (Fig. 6) . Again, the mean amplitude was calculated for early and late time windows, 300-500ms and 600-900ms. A repeated-measures ANOVA was run on the mean amplitude for each time window with Condition and Hemisphere as factors.
Item Strength, with Source Strength Held Constant
Early Time Window (300-500ms)
In Overall, the results from this restricted analysis, assessing ERP correlates of item confidence while controlling for source confidence, largely converged with the results observed in the unrestricted analysis. In both sets of analyses, ERPs were graded in amplitude as a function of item memory strength from 300-500ms, consistent with the interpretation that brain activity in this time window reflects processes associated with item memory strength.
Source Strength, with Item Strength Held Constant
Early Time Window (300-500ms)
There were no significant main effect of Condition or interactions in the early time window [all F<.93, p>.35] .
Late Time Window (600-900ms)
In Follow-up tests revealed that the difference in amplitude between conditions was greater in the right hemisphere than left [t(20)=2.34, p<.05]. Overall, then, the ERP effects associated with source confidence were restricted to the late time window and were right lateralized, unlike in the comparison of source hits and source misses, which was associated with a late, leftlateralized effect.
Topographic comparisons
The analyses of item and source confidence revealed that ERP effects of item confidence are apparent earlier than those of source confidence (300-600ms versus 600-900ms). Given, however, that item confidence effects were apparent in the later time window, we compared scalp topographies of item and source effects in this time window, for the restricted analyses. An ANOVA was run on the differences in scalp topography between item (HC Hits -LC Hits) and source confidence in the 600-900ms time window using the scaling procedure outlined by (McCarthy and Wood, 1985) . This comparison revealed no significant interaction between electrode and confidence type with the Hyun-Feldt correction for non-sphericity [F(63,1260)=1.14, p>.19].
We were also interested in the scalp distributions of the unrestricted and restricted Item and Source ERP effects, and whether the distributions differed between the unrestricted and restricted analyses (scalp topographies shown in Fig. 7) . The same analysis procedure as above 
A) B)
Item 300-500ms Item, Source Miss 300-500ms
Source Hit-Miss 600-900ms S ource Confidence 600-900ms
CHAPTER 4 DISCUSSION
The goal of this experiment was to identify distinct neural markers of item and source memory using ERPs, while controlling for a potentially confounding influence of the lack of process-purity in behavioral measures of item and source memory. Before proceeding to discussion of the ERP findings, some discussion of the behavioral results is warranted. From the perspective of competing models of recognition memory, the behavioral data could be consistent with dual process models of recognition that argue for recollection as a threshold process, but they could also be consistent with multidimensional signal detection models. Specifically, we observed that accuracy of source memory decisions was not significantly different from chance for low confidence item recognition decisions. This is may be construed as inconsistent with the predictions of models that suppose recollection is a continuous process that contributes to item recognition decisions at all levels of confidence (Slotnick and Dodson, 2005; Wixted and Stretch, 2004) . However, given that we had only two levels of item confidence to which hits could be assigned, the possibility remains that a third, intermediate level of item confidence may have been associated with above-chance source memory, had such an option been provided.
Thus, our behavioral data lack the resolution to argue in favor of one model versus the other, though it is important to note that our study was not designed to do this, but rather to clear up some potential ambiguities about the putative ERP correlates of item and source memory.
Some, though not all, of the focus of ERP studies of recognition memory has been of adjudicating between single and dual process models of recognition, with the idea that demonstrating that recollection and familiarity are associated with distinct neural signatures should argue clearly in favor of dual process models. This effort has been complicated, however, by the lack of a simple mapping between the utilized measures of recognition and the supposed underlying processes. In the current experiment, we attempted to separate the contributions of item and source memory to ERP recognition effects by examining how ERP signatures varied as a function of increasing confidence in one kind of memory while holding confidence in the other kind of memory relatively constant. A similar logic has been applied recently in an fMRI experiment (Kirwan et al., 2008 ) to look at brain activity at encoding that is predictive of later item and source memory. That study found that later item and source memory are indeed associated with different encoding activation, though not within the medial temporal lobes, which were the theoretical focus of that study. In the current data, we cannot definitively pinpoint the neural sources of the observed electrophysiological indicies of item and source memory, thus we cannot inform the debate as to whether subregions of the medial temporal lobes are functionally heterogeneous with respect or item and source memory, or whether medial temporal lobe activity generally reflects the strength of a memory, irrespective of item versus source distinctions (Wais, 2008) .
Our data can, however, inform the interpretations of the putative ERP markers of item and source memory. Our initial ERP analyses focused on characterizing ERP signals associated with item and source memory using the typical sorts of analyses that are performed in the literature.
For item memory, we sought to identify portions of the ERP that were graded in amplitude as a function of memory strength, as measured by HC hits, LC Hits, LC Correct Rejections, and HC CRs (Woodruff et al., 2006) . As has been found in prior studies, we found an early effect (300-500ms) that showed such a graded effect, with more positive ERPs for HC hits, followed by LC Hits, LC CRs, and finally HC CRs. Under the assumptions of the Yonelinas dual process model, a graded effect such as this is interpreted as reflecting item memory or familiarity-based recognition, since such a model assumes that only familiarity should be graded across these conditions, whereas recollection should occur only for high confidence hits (and certainly not for any correct rejections). However, more recent dual-process signal detection models that assume that both recollection and familiarity are graded, and sum together to form an aggregated strength signal (Wixted and Stretch, 2004) do not allow such a straightforward assignment of a graded ERP effect to item memory/familiarity. Rather, such an effect may reflect contributions of both item and source memory under this sort of model, leaving the functional interpretation of the ERP effect more ambiguous.
Similar problems may cloud the interpretation of traditional ERP source memory effects as well. Our source memory effects obtained using the standard comparison (Source hits vs. Source misses) revealed an effect that largely converged with what is typically observed -more positive ERPs for source hits compared to source misses in a later (600-900ms) time window. However, this comparison may also be confounded, in that ERP differences between source hits and source misses may also reflect differences in item strength between these two response categories, under the assumption that source hits will tend to be associated with higher item confidence, and thus may not reflect neural activity that is exclusively associated with memory for source, though some prior dissociations seem to argue against this interpretation (e.g. Woodruff et al., 2006) .
To address these issues, we conducted additional ERP analyses that attempted to better separate brain activity associated with item and source memory. To do so, we collected confidence ratings for both item and source responses during the memory test, with the goal of being able to identify ERP correlates of the strength of one type of memory (item or source)
while holding the strength of the other relatively constant. For the item memory effect, we conducted a similar analysis to the one described above, looking for graded ERP effects as a function of item memory strength. However, for this analysis, we only used trials on which subjects had been inaccurate in their source judgment, with the idea that this should limit the contributions of source memory to the observed ERP effects. The results from this restricted analysis largely converged with the results observed in the unrestricted analysis, in that in both analyses, ERPs were graded in amplitude as a function of item memory strength from 300-500ms. In the later time window (600-900ms), the pattern of activity changed, such that high confident hits were associated with a sustained positivity throughout this time window, while the ERPs to the other three conditions (LC hits, LC CRs, HC CRs) were relatively similar. At first glance, it seems that this late effect may be consistent with threshold models of recollection, in that high confident "old" responses may diverge from the other response categories due to the presence of recollection for only these high confident hits. However, for this analysis we looked at only trials where the source was not correctly recalled, which means for these high confident item hits, correct source information was not retrieved. One possibility is that the late effect does indeed reflect recollection, just not recollection of the relevant source information; so-called noncriterial recollection (Yonelinas and Jacoby, 1996) . Under this account, the late positivity observed for HC items reflects the retrieval of additional contextual detail associated with the test item, but not the relevant information needed for accurate source memory. Further studies would be needed to explore this possibility.
In addition to this restricted analysis for item memory, we also conducted a restricted analysis to better identify ERP markers of source memory strength. For this analysis, we compared ERPs associated with accurate high confidence source decisions to those associated with accurate low confidence source decisions, restricted to those trials on which subjects had made a high-confidence old/new response. As with the item memory ERP effects, the results of this restricted source analysis largely converged with the results obtained using the unrestricted analysis, with ERPs to high confidence source more positive than those to low confidence source in the late (600-900ms) time window only. These results are generally consistent with the idea that the LPC is modulated by the amount or quality of source information retrieved (Vilberg et al., 2006; Wilding and Rugg, 1996) , and furthermore that this is true even when minimizing the potential contributions of item memory to the LPC. It should be noted that the scalp distribution of the source strength effects was different than what is typically labeled as the LPC, in that the LPC typically has a left parietal distribution, while our restricted effect tended to have a right central distribution, though our unrestricted source memory effect did not significantly differ in scalp distribution from the restricted analysis. It is not immediately clear what accounts for this apparent bilaterality/right laterality in the current study, though it should be noted that the stimuli used were different from many studies in that they were novel visual objects that were difficult to verbalize. Studies of source memory that have used similar visual stimuli have also found ERP source memory effects with a bilateral or right-lateralized scalp distribution (Van Petten and Senkfor, 1996; Voss and Paller, 2007; Voss and Paller, 2009) . Our observed ERP difference between different levels of confidence in an accurate source decision also converges with results from a recent study (Leynes and Phillips, 2008 ) which compared ERPs to Remember and Know judgments following an accurate source decision, and found an LPC difference between these two response types, which they took as evidence for variations in the amount or quality of retrieved information associated with an accurate source judgment.
To summarize, the current ERP experiment sought to identify ERP markers of item and source memory, while accounting for some of the potential problems with typical ERP recognition memory effects that are due to ambiguities about how subjects' responses map to underlying memory processes or kinds of memory. The results of this experiment largely converged with what has been obtained using these potentially problematic analyses, indicating that item and source memory, which are often used as proxies for familiarity and recollection, are indeed associated with dissociable ERP effects. Item memory was associated with an earlier (300-500ms) effect that was graded as a function of item memory strength, while source memory was associated with a later (600-900ms) effect that varied with confidence in the source decision, but not with item confidence. These results lend support to the idea that item and source memory rely on dissociable neural mechanisms, and are inconsistent with the notion that these kinds of memory differ only in their relative strength on a single dimension of evidence.
Furthermore, the Source confidence ERP effects add to the existing literature showing that the later ERP effects vary with the amount or number of bits of information recollected, by showing that this ERP correlate of recollection and source memory also can vary as a function of subjects' confidence in their source memory decision.
